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Abstract

The SOL2012-05-17 event is remarkable in that it caused one of two ground-level enhance-
ments (GLE71) in Solar Cycle 24. Despite the efforts spent studying this solar event, some
aspects of it remain unclear. This relates to the development of a coronal mass ejection
(CME), the history of the shock wave, and the flare. Our measurements reveal the following
chain of phenomena. Two successive eruptions occurred within a few minutes. The rate of
change of the reconnected magnetic flux shows a series of increases corresponding to the
acceleration or deceleration of the erupting structures. The temporal profile of the magnetic-
flux change rate is similar to the hard X-ray burst. Each eruption excited a disturbance that,
propagating outward, accelerated all structures above it. This led to complex kinematic char-
acteristics of the erupting structures that eventually formed a self-similarly expanding CME.
The two disturbances became piston shocks and merged into a single, stronger shock. There
are indications of transformation of the piston shock into a bow shock, but this occurs at
distances exceeding ten solar radii. Components of the described picture were observed in a
number of events and can serve as a guide for studies of eruptive flares.
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1. Introduction

Ground-level enhancements of the cosmic-ray intensity (GLEs) occur when secondary par-
ticles produced by collisions of near-relativistic solar protons with nuclei of the Earth’s at-
mosphere reach the ground, where they are detected by neutron monitors. Over 81 years of
observations from 1942 to 2023, only 73 such events were recorded (e.g., Miroshnichenko,
Vashenyuk, and Pérez-Peraza 2013; Anastasiadis et al. 2019). Most likely, GLEs represent
the highest-energy subset of solar energetic particle (SEP) events rather than a separate class
of events (e.g., Moraal and McCracken 2012; Bruno et al. 2018). Obviously, GLE events at-
tract special attention.

The origin of accelerated protons and heavier ions that are part of SEPs, in general,
and high-energy protons responsible for GLEs in particular, is a long-standing unresolved
issue. Two possible accelerators of heavy charged particles are being considered. One is
related to flare processes caused by magnetic reconnection in an active region (e.g., Klein
and Trottet 2001; Kallenrode 2003; Aschwanden 2012). Another probable accelerator of
protons is a shock wave associated with a fast coronal mass ejection (CME) (e.g., Cliver,
Kahler, and Reames 2004; Gopalswamy et al. 2012; Reames 2013). Some studies (e.g.,
Cane, Richardson, and von Rosenvinge 2010; Anastasiadis et al. 2019) have shown that,
at least for some events, acceleration both by flare processes and CME-associated shock
wave appear to have contributed to the same near-Earth proton enhancement. Efforts to
identify the possible contribution of each of these sources have not yet met with recognized
success, so that when considering high-energy solar protons, one has to rely largely on
indirect indications based on hypotheses that have not been exhaustively verified.

The 17 May 2012 solar event was the source of the seventy-first GLE (e.g., Gopalswamy
et al. 2013b), the first of only two GLEs to occur in Solar Cycle 24. Studies of this event
and its consequences seem to be favored by the availability of detailed observations of sev-
eral instruments from different vantage points in the heliosphere. This made it possible to
reconstruct the shapes of the CME and the shock front ahead of it in three dimensions. The
spectrum of the SEP event at high energies was measured with unprecedented detail and
accuracy (e.g., Whitman et al. 2017; Bruno et al. 2018). The availability of a detailed SEP
spectrum, multi-spacecraft in-situ measurements, progress in understanding the proton prop-
agation in the interplanetary space, and the development of various models have provided
the basis for a number of studies of the SEP and GLE event.

Gopalswamy et al. (2013b) analyzed the CME kinematics using the Graduated Cylindri-
cal Shell model (GCS model: Thernisien, Vourlidas, and Howard 2009; Thernisien 2011),
studied the relationship of the CME with the Type-II burst and SEP acceleration, and advo-
cated the shock-related origin of the SEP and GLE protons. A similar conclusion was drawn
by Li et al. (2013), who studied electron acceleration in relation to the Type-III burst as
well as proton acceleration in relation to the CME shock. Shen et al. (2013) and Rouillard
et al. (2016) basically shared the same point of view. Firoz et al. (2014) studied SEP ac-
celeration in relation to the CME-associated shock evolution and found indications of both
flare-acceleration and shock-acceleration of GLE particles. Pérez-Peraza et al. (2018) com-
pared the modeled and observed spectra of the prompt and delayed GLE components and
concluded, unlike most of the listed studies, that the pure shock acceleration does not play a
major role in accelerating particles to GLE energies.
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Several studies addressed particle transport in interplanetary space, using advanced mod-
eling techniques and comparing the results with observations. Battarbee et al. (2018) mod-
eled the SEP event and compared their results with multi-spacecraft observations. Dalla
et al. (2020) performed three-dimensional (3D) modeling of the transport of GLE-energy
solar protons to assess the transport effects in the interplanetary space. Comparison of the
simulation results with near-Earth observations on 17 May 2012 allowed the authors to es-
timate the size of the injection region, a mean free path, and injection spectrum. Palmerio
et al. (2021) studied the interplanetary context at the time of the 17 May 2012 eruption and,
using observations of the SEP event at eight locations in the inner heliosphere, demonstrated
that the presence of a preceding CME, which was launched several days before, facilitated
particle transport (Rouillard et al. 2016 came to a similar conclusion).

The 17 May 2012 solar event was associated with an M5.1 flare in active region 11476
that started at 01:25, peaked at 01:47, and ended at 02:14 according to GOES observations.
The flare location was reported to be N11 W76. The event led to a fast CME with an average
speed of 1580 km s~! according to the online CME catalog of the Coordinated Data Analysis
Workshop (CDAW) (cdaw.gsfc.nasa.gov/CME_list/: Yashiro et al. 2004). A Type-II burst
was observed by several spectrographs, starting at 01:32 from meters to hectometers.

Notable are the studies of this event by Shen et al. (2013) and by Rouillard et al. (2016),
both of which employed 3D reconstructions, have contributed to knowledge of this event
and provided suggestions for possible causes of the large proton enhancement and GLE.
Both studies assumed excitation of a bow shock ahead of the fast CME.

Shen et al. (2013) reconstructed a pre-eruption twisted flux-rope progenitor, studied the
initiation stage of the eruptive event, and revealed subsequent erupting structures. Based on
the same GCS model as Gopalswamy et al. (2013b) used, the authors proposed that this
event produced two CMEs that developed one after another within two minutes. According
to the authors, each of the two CMEs drove a shock and the entire event was consistent
with the twin-CME scenario proposed by Li et al. (2012). In this scenario, a combined
action of the first, slower, narrower CME, and the second, faster, wider CME that expands
shortly after the first, results in a more efficient particle acceleration than in the case of a
single CME-driven shock. Although the idea of Shen et al. (2013) seems promising, it is
difficult to understand what happened in the event and how the CME(s) developed unless
the movements of the erupting structures and the expansion of structural components of the
CME are measured.

Rouillard et al. (2016) developed and applied to the 17 May 2012 event an advanced
3D technique to reconstruct the expansion of the shock forming in the corona. The authors
derived the 3D velocity vector and the distribution of Mach numbers of the entire front as
a function of time that corresponded to the bow-shock regime. The authors also studied
the magnetic connectivity between the region of the appropriate Mach number they found
and the near-Earth environment, presented the event-integrated proton-fluence spectrum vs.
rigidity, corresponding to energies from a few MeV to 1.4 GeV, and discussed the solar
particle release time estimated from the velocity-dispersion analysis.

While this extensive study appears impressive, some questions remain. First, it is unclear
whether there were actually two CMEs with two shock waves, as Shen et al. (2013) pro-
posed, or just one. Second, the bow-shock excitation from the very beginning is difficult
to reconcile with the conclusions drawn by us, as well as by other authors, about the more
complex shock-wave history, from piston shock to blast wave and then to the bow shock if
the CME is fast, or its decay if the CME is slow or absent (e.g., Bain et al. 2012; Zimovets
et al. 2012; Grechnev, Kiselev, and Uralov 2022). Third, examples of events where protons
are accelerated exclusively by shock waves in the obvious absence of flare-accelerated par-
ticles, when higher-energy protons arrive at the Earth orbit later than lower-energy protons,
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show that the velocity-dispersion analysis may not be applicable in such cases (Grechnev
and Kuzmenko 2020). These challenges indicate that the shock-wave history in this event is
not well understood.

Little is known about the flare in this event. In particular, this is due to the fact that the
Reuven Ramaty High-Energy Solar Spectroscopic Imager (RHESSI: Lin et al. 2002) missed
most of the flare and observed only its last part, while Fermi missed the flare altogether.
Firoz et al. (2017) studied the late-phase thermal emission of this flare using RHESSI data.
Grechnev et al. (2013, 2015) found that the microwave burst in this flare was atypically
moderate in comparison with other large proton events. We are not aware of any information
about the reconnected magnetic flux.

Thus, neither of the possible sources of accelerated protons in this event, the flare and
the shock wave, has been sufficiently explored and both need greater understanding. As
mentioned, this requires measurements of the movements of erupting structures and the ex-
pansion of structural components of the CME. The results of these measurements make it
possible to establish the sequence of phenomena and identify causal relationships. These will
help to understand the CME development that still remains unclear (e.g., Howard, Vourli-
das, and Stenborg 2023). Finally, an important problem is to identify the contributions of
flare processes and shock waves to the acceleration of solar protons reaching the Earth orbit.
The key to solving this problem has not yet been found. Elucidation of the actual develop-
ment of the CME, shock wave, and flare promises insight into particle acceleration beyond
assumption-based considerations.

Our two companion articles aim to shed light on these issues. This article (Article I)
addresses eruptions, CME development, shock-wave history, and the relationship between
eruptions, flare, and reconnection processes. Article II (in preparation) considers particular-
ity of the flare configuration, the atypical microwave burst, and its relationship with recon-
nection rate.

This article is organized as follows. Section 2 introduces the event. Section 3 addresses
eruptions and CME. Section 4 discusses shock-wave manifestations in coronagraph images
and radio emission. Section 5 considers manifestations of reconnection and its relationship
with other phenomena. Section 6 discusses the results and provides concluding remarks that
may benefit future studies.

Because of the complexity of this event, instead of presenting a chronological order of
phenomena, we consider observations following the logic of identifying causal relation-
ships between these phenomena and revealing corresponding observational indications. This
caused some repetitions in our figures and considerations of the event.

2. Brief Overview of the Event

The 17 May 2012 eruptive-flare event was observed by several instruments from different
vantage points. We analyze the eruptions using mainly the images obtained by the Atmo-
spheric Imaging Assembly (AIA: Lemen et al. 2012) on board the Solar Dynamics Observa-
tory (SDO: Pesnell, Thompson, and Chamberlin 2012), which observed the event from the
Earth’s direction. Additional information in a wider field of view is provided by 174 A im-
ages from the Sun Watcher using Active Pixel system detector and image processing imager
(SWAP: Berghmans et al. 2006) on board the Project for On-Board Autonomy (PROBA2:
Santandrea et al. 2013) micro-satellite. For the analysis of the CME we use the images from
the Large Angle Spectroscopic Coronagraph (LASCO: Brueckner et al. 1995) on board the
Solar and Heliospheric Observatory (SOHO: Domingo, Fleck, and Poland 1995).
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The flare site was also observed by the Sun Earth Connection Coronal and Heliospheric
Investigation instrument suite (SECCHI: Howard et al. 2008) on the Ahead spacecraft of
the Solar-Terrestrial Relations Observatory (STEREOQ: Kaiser et al. 2008) that was located
114.8° westward from the Earth. We use the images produced by the Extreme Ultraviolet
Imager (EUVI: Wuelser et al. 2004) on board STEREO-A and by the inner coronagraphs
CORI1 (Howard et al. 2008) on board STEREO-A and STEREO-B (the latter was located
117.6° eastward from the Earth).

Figure 1 presents the development of the flare ribbons observed in 1600 A by SDO/AIA
(left column) and in 171 A by STEREO-A/EUVI (right column). The chains of coronal
brightenings visible in 171 A trace the ribbons beneath them. A comparison of the images
obtained by the two telescopes from different vantage points reveals at least two pairs of
ribbons, some of which are indicated by arrows in Figure 1d. This suggests that more than
one eruption occurred there. The yellow-dotted arc in Figure 1d denotes the southwestern
boundary of the post-eruption arcade that subsequently formed there, i.e., the ends of the
ribbons. The SDO/AIA and STEREO-A/EUVI image pairs indicate that the southwestern
extension of the flaring structure looks more like a prominence that activated during the
event.

Images from STEREO-A/EUVI, which observed the flare site further from the limb than
it was visible from the Earth’s direction, make it possible to refine its coordinates, which
varied in different studies. Referring to the heliographic grid in Figure 1h that corresponds
to the view from the Earth’s direction, the position of the main flare site was N06 W78.

Figure 2 presents the CME bubble in reduced-resolution running-difference SDO/AIA
193 A images. The following circumstances can be noted:

i) The structure labeled ‘F’ was the outermost structure of the CME bubble and therefore
likely subsequently became the CME-body front.

ii) The outermost structure of the CME bubble expanded later and more slowly than the
structures inside it. Therefore, these internal structures were most likely responsible for
the expansion of the entire CME.

iii) A thick bright halo on top of the CME-bubble front indicates a compressed layer of
plasma pile-up, suggesting the association of the front with a separatrix surface. Similar
halos appear ahead of internal CME-bubble structures. The work of displacing magne-
toplasma from the volume it previously occupied is performed due to the energy of the
driver of the CME expansion. This circumstance also determines the kinematic charac-
teristics of the disturbances generated by this driver.

The internal structures of the CME bubble are shown in the next figure. Figure 3 presents
moving features revealed from SDO/AIA images in different channels, in agreement with
the findings of Shen et al. (2013). The background in this figure are AIA images obtained in
the 94 A channel, which shows a relatively hot plasma (about 6 MK) and suffers little from
overexposure distortions. The outer edges of these moving features are outlined with arcs
of different colors, which we use henceforth for these same features, their likely successors,
and corresponding kinematic characteristics.

Figure 3a shows a complex structure that looks like a bundle of heated loops. The top
of this structure, labeled 1, started expanding a little earlier than the brighter feature 2. It is
not excluded that one of features 1 and 2 could be located behind the other at a considerable
distance. In Figure 3b, feature 2 displaced forward and a blob-like feature 3 started to move
nearly along the limb. A long loop-like structure 4, outlined with the orange arc, possibly
part of a prominence (see Figure 1d), became visible. In Figure 3c, feature 3 approached
structure 4 and then, after their apparent collision, the cross-section of structure 4 started to
expand.
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Figure 1 Development of the
eruptive flare as observed by
SDO/AIA in 1600 A (left) and by
STEREO-A/EUVIin 171 A
(right). Yellow arrows in panel d
indicate flare ribbons. The
yellow-dotted arc denotes the
southwestern boundary of the
post-eruption arcade that
appeared later there. The
heliographic grid in panel h
corresponds to the view from the
Earth’s direction.
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These eruptions gave rise to a fast CME. In the next section we consider its structural
components and estimate their speeds. This will make it possible to identify their predeces-
sors and then reconstruct their kinematic characteristics.

3. CME and Eruptions
3.1. Structural Components of the CME and Their Expansion

Figure 4 presents six images of the CME that were produced by the LASCO-C2 and -C3
coronagraphs. To reveal the structure of the expanding CME, no image subtraction was used,
and the contribution of static coronal structures was reduced by dividing each image by a
fixed pre-event image (separately for C2 and C3). To better show the structure of the CME
and its possible changes, the fields of view of the images were progressively enlarged so
that the apparent size of the CME remained unchanged (see also the CME.mpg movie in the
Electronic Supplementary Material). As the figure and the movie show, the expansion of the
CME in this temporal interval was self-similar. The CME structure included three distinct
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Figure2 Appearance of the CME bubble in SDO/AIA 193 A running-difference images. The white-dashed
arc denotes solar limb. The outermost structure of the CME bubble is labeled F.
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Figure 3 Moving features observed in SDO/AIA 94 A images. The color arcs outline the outermost edges
of the moving features. The orange-dashed circle outlines the visible outer boundary of the expanding loop-
like structure. The broken lines correspond to the directions of movements along which the measurements
discussed below were carried out from the origins marked with different crosses and denoted O and O;.

components, i.e., front (F), 1, and 2. These three components are outlined with colored arcs;
their plane-of-sky speeds of 1600, 1050, and 980 kms~', respectively, were constant for
more than two hours. The accuracy of our speed estimation is about +5%. The speeds of
the CME components are almost linearly related to their distances to the virtual expansion
center, i.e., the speed ratio of 1600:1050:980 =1.63:1.07:1 is close to the distance ratio of
1.64:1.09:1. This is a sign that in the interval of self-similar expansion, the magnetoplasma
ejection retains its mass inside the volume enclosed by the front F (Uralov, Grechnev, and
Hudson 2005).

The outermost CME component F is clearly defined and there are no CME-body magne-
toplasma structures such as frontal loops or flux-rope components ahead of it. Our estimate
of its speed is close to the average speed of the fastest feature of 1580 kms™', estimated
in the online CDAW CME catalog (Yashiro et al. 2004: cdaw.gsfc.nasa.gov/CME_list/) in
a close temporal interval. These facts allow identifying the CME front in Figure 4 with the
outermost structure of the developing CME bubble in Figure 2, in agreement with item i in
Section 2.
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Figure 4 Distinct structural components of the CME in non-subtracted SOHO/LASCO-C2 and -C3 images.
The color arcs outlining the CME components denoted F, I, and 2 correspond to constant speeds indicated
in panel b. The fields of view of the images were progressively scaled to keep the visible size of the CME
constant. The black disk with a long blooming streak in panels ¢—f is a trace of the image of Jupiter on the
under-cleaned base LASCO image.

3.2. Two Main Eruptions

In this section, we first measure the movements of two erupting features 1 and 2 outlined
in Figure 3a. For the measurements, we use two representations of running-difference AIA
193 A images. The first representation is a sequence of images in which the leading edge of
the feature of interest is detectable; we outline it with an arc of radius, which we optimize.
The second representation is a one-dimensional spatial profile, each column of which is cal-
culated as the sum across a relatively narrow strip of the given image along the measurement
direction (e.g., Grechnev et al. 2014a). This representation is similar to well-known stack
plots, providing a higher signal-to-noise ratio.

The shape of the acceleration pulse does not matter because of double integration. What
is important is the time of its centroid (we also call it peak time), area, and duration. We use
combinations of Gaussian-shaped acceleration pulses and manually optimize their parame-
ters to fit the results of their double integration to the movements of the erupting features
(e.g., Grechnev et al. 2011, 2019, 2022).

Figure 5 presents the movements of erupting features 1 and 2 along with their fit ac-
cording to the measurements, Figure 6 presents their one-dimensional profile, and Figure 7
presents the kinematic plots. The AIA94_eruptions.mpg movie in the Electronic Supple-
mentary Material shows the erupting features in more detail. The best visibility of erupting
feature 2 and sufficient observation time ensured the greatest accuracy of its measurements.
We estimate for its main acceleration pulse the peak time of 01:30:25 +10 s, the duration of
270 s 5%, and the final speed of 980 km s~! & 3%. The acceleration stage of this erupting
feature was almost entirely within the field of view of AIA and its final speed coincides with
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1000 1100 1200 1000 1100 1200 1000 1100 1200 1000 1100 1200
arc sec from solar disk center

Figure 5 Erupting features 1 and 2 in SDO/AIA 193 A running-difference images. The cyan and blue arcs
outline their leading edges and the magenta arc outlines the CME-bubble front according to the kinematic
plots in Figure 7. The orange slanted cross corresponds to origin O; denoted in Figure 3. The dotted line
(same as in Figure 3) corresponds to the direction of motion of the main erupting features. The dashed line
indicates the direction in which the spatial profiles of the CME-bubble front were measured.

Figure 6 One-dimensional
spatial profiles of erupting
features / and 2 measured from 250
origin O in the direction
indicated by the dotted line in
Figures 3 and 5. The cyan and
blue dashed curves outline the
traces in the profiles according to
the kinematic plots presented in
Figure 7.
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= ~ =

UTC 01:20 01:22 01:24 01:26 01:28 01:30 01:32 01:34

the speed of the CME structural component 2. This allows us to identify them with each
other.

A slight acceleration of erupting feature 1 around 01:24 is noticeable only from the initial
slope of its profile in Figure 6, and it should be attributed to the initiation stage in accordance
with its speed of 108 kms~' at 01:25 and 210 kms~" at 01:27. Only part of its acceleration
stage can be measured until 01:29:30, when its speed reached 500 km s~1. On the other hand,
the fact that feature 1 was located between the CME-bubble front and feature 2, as well as
the structural component 1 of the CME between its front and component 2, indicates their
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Figure 7 Speed-time (a) and L L L .
acceleration—time (b) plots 1500 @ P b
measured for the leading edges of
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the intervals in which the 2

measured features were within , ,

the field of view of AIA, and the
dashed parts represent their
presumable continuations to
match the movements and the
final speeds of these features as
structural components of the
CME in LASCO images.
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Figure 8 One-dimensional
spatial profiles of the
CME-bubble front measured
from origin O in the direction
indicated by the dashed line in
Figure 5. The magenta-dashed
curve outlines the traces in the
profiles according to the
kinematic plot presented in
Figure 7.

Distance from origin [arc sec]

correspondence to each other. There must have been an additional acceleration of feature 1
later, which will be discussed in Section 3.3.

Finally, we measure the movement of the outermost front structure. From the very be-
ginning, its top was located outside the field of view of AIA. Therefore, we measure the
movement of its southern flank along the direction indicated by the dashed line in Figure 5,
where its outer edge is outlined with the magenta arc. Figure 8 shows the one-dimensional
profile. Figure 7 shows the kinematic plots that relate to the top of the front in the direction
denoted with the dotted line in Figure 5 and corresponding to the measured movement of
the southern flank.

The first acceleration pulse of the front is reliably measured in the field of view of AIA.
The presence of the second acceleration pulse is also certain; without it, the outlining arc
subsequently begins to noticeably lag behind the flank. Our measurements of the flank move-
ment are also limited by the field of view of AIA and are not possible after 01:33. Because
of this limitation, there is an increased uncertainty in the peak time and duration of the
second acceleration pulse. However, with a known final speed of the CME-bubble front of
1600 km s~ the full temporal profile of its acceleration in Figure 7 is determined more or
less definitely. The question arises what were the reasons for these two pulses of its acceler-
ation. Likewise, the reason for the second acceleration pulse of erupting feature 1 is unclear.
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To find answers to these questions, recall item ii in Section 2, indicating that the internal
structures of the CME bubble were responsible for its expansion.

The results of our plane-of-the-sky measurements may be somewhat lower than in 3D
space. Comparing the accelerations in Figure 7b directly measured in the AIA field of view
with the CME acceleration of 1.77 kms~2 estimated by Gopalswamy et al. (2013b) using
the GCS model shows the accuracy of the latter to be around a factor of two.

3.3. Unclear Additional Acceleration Episodes

If a magnetoplasma structure expands, then this causes the magnetic fields above it to also
expand. In the simplest case of a weak linear disturbance, the speed of its transmission from
the source to the outside is the fast-mode speed in the environment. Based on this simple
consideration, it can be assumed that the disturbance produced by each eruption propagated
outward and accelerated all overlying coronal structures. More specifically, i) the expansion
of erupting feature 1 caused the first acceleration of the front, and ii) the expansion of erupt-
ing feature 2 caused an additional acceleration of erupting feature 1 and then the second
acceleration of the front. Qualitatively, this assumption seems consistent with observations,
but for a quantitative description the situation is more complex.

The acceleration pulses of eruptive features 1 and 2 measured in the AIA field of view
exceeded 2 and 3 kms™2, i.e., more than 7 and 11 times the solar gravity acceleration,
respectively. Such violent movements of magnetoplasma structures should certainly lead to
strong disturbances in the surrounding corona. The propagation speeds of these disturbances
are determined by the fast-mode speed in the environment and the piston speed (see Uralov,
Grechnev, and Ivanukin 2019 for details). Bearing in mind item iii in Section 2, we describe
the propagation of these disturbances using the power-law patterns that we previously ap-
plied to piston shocks (e.g., Grechnev et al. 2008, 2011; Grechnev, Kochanov, and Uralov
2023).

There are differences between this situation and the conditions to which the description
mentioned applies. The smooth shapes of the acceleration pulses (i.e., their finite durations)
show that the shock discontinuity has not yet been formed in the region under consideration.
Therefore, instead of a localized shock front, we are dealing here with an extended zone of
the disturbance, which has the form of a simple wave (e.g., Vr$nak and Cliver 2008). The
distance—time trajectory describing the piston-shock propagation here has the meaning of a
characteristic corresponding to the steepest zone of the disturbance, while the actual wave
packets are grouped into a band around this trajectory.

In addition, the model assumes that the piston shock is excited by a point source, while its
onset corresponds to the maximum acceleration of the piston. To bring the idealized model
closer to the situation under consideration, the onset time of the disturbance, which was
actually excited by an extended source at the moment of its maximum acceleration, should
be extrapolated to the location of the virtual point source (see Grechnev and Kuzmenko 2020
for an example).

We calculate the distance—time wave trajectory x(¢) using a power-law coronal-density
model n(x) = ng(x/ho)~® with [x] being the distance from the wave origin, [¢] the density
at a distance hp = 100 Mm (close to the coronal scale height), and [§] the density-falloff
exponent (typically between 2.5 and 2.9). Then, the trajectory is x(¢) = x;[(t — 10)/(t; —
1)1/, where [x,] is the distance from the origin to a wave front observed at time [#,]
(Grechnev et al. 2008, 2011).

Applying this technique to our event, we adjusted the parameters of the trajectory of the
first wave so that it started at point Oy, passed through feature 1 near the maximum of its
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Figure 9 Kinematic plots of erupting features / and 2 and the CME-bubble front F along with the two
presumable waves. a) Distance—time plots of the front and feature 1 (solid curves) along with wave 1 excited
by feature 1. b) Distance—time plots of the front and features 1 and 2 (solid curves) along with wave 2
excited by feature 2. The broken curves in panels a and b represent the characteristic trajectories of the
waves. Their dotted portions correspond to the extrapolations of the wave onset times to the locations of the
virtual point sources. The yellow shadings schematically indicate the zones of influence of the waves. The
horizontal widths of the yellow bands are close to the half-height widths of the acceleration pulses in panel
¢. ¢) Acceleration—time plots. The thick parts of the curves correspond to the intervals in which the measured
features were observed, and the thin parts represent their presumable continuations. All plots relate to the
direction indicated with the dotted line from origin O denoted in Figures 3 and 5.

acceleration, and then passed through the front near the maximum of its acceleration. This
was achieved with a virtual wave onset time 7y, = 01:26:29 and §; = 2.74. Similarly, by
setting the onset of the second wave at the same point O, its passage through feature 2
near the maximum of its acceleration and then through feature 1 near the maximum of its
acceleration was achieved with 7y, = 01:29:19 and 8, = 2.65. Figures 9a and 9b demon-
strate these results for the two first waves separately. For comparison, Figure 9c shows the
acceleration—time plots. Bearing in mind that the curves refer to the leading edges of the
measured features, we note that the second acceleration pulse of the front more or less cor-
responds to the passage of the second wave.

The yellow-shaded bands in Figures 9a and 9b represent the wave-influence zones only
schematically. Due to the propagation of the disturbance into the regions of lower fast-mode
speed, its profile should steepen that corresponds to a narrowing of the yellow band. When
the shock discontinuity is formed, the band becomes a line.

The correspondence of the movements of erupting structures to the passage of the two
waves through them is even better seen from Figure 10 and the AIA193_diff_waves.mpg
movie in the Electronic Supplementary Material. Being similar to Figure 5, Figure 10 also
shows the development of the two disturbances and their influence on the expansion of the
erupting structures that is presented in more detail. The yellow-solid elliptic arcs represent
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Figure 10 Erupting features 1 and 2 and the CME-bubble front along with the yellow arcs of the two presum-
able wavelike disturbances in SDO/AIA 193 A running-difference images. The cyan and blue arcs outline
their leading edges and the magenta arc outlines the CME-bubble front according to the kinematic plots in
Figure 7. The orange slanted cross corresponds to origin O denoted in Figure 3.

the characteristic fronts of the two wavelike disturbances denoted Wave 1 and Wave 2. The
yellow-dashed arcs represent the imaginary propagation of their virtual, back-extrapolated
predecessors from the point source denoted with the orange slanted cross. The initial speed
of wave 1 at its detachment from the top of feature 1 (between Figures 10e and 10f) is
1140 kms~!. The initial speed of wave 2 at its detachment from the top of feature 2 (just
before Figure 10j) is 1950 kms~!. These speeds correspond to normal fast-mode speeds
over active regions and the higher initial speed of wave 2 relative to that of wave 1 is con-
sistent with its appearance at a lower altitude, where the fast-mode speed is expected to be
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Figure 11 Eruptions / and 2 and the CME-bubble front F in PROBA2/SWAP 174 A running-difference
images. The short-colored arcs of the corresponding colors outline their leading edges according to the mea-
surements. The long yellow arcs represent the derived positions of the two characteristic wavefronts.

higher. Note that the appearance and development of the near-surface EUV wave south of
the eruption site in Figures 10k — 10p apparently corresponds to the propagation of wave 1.

Figure 11 follows these manifestations in PROBA2/SWAP 174 A images that provide
lower spatial and temporal resolution and sensitivity than AIA, but a wider field of view.
These observations confirm that the CME-bubble front outlined with the magenta arc was
the outermost structure of the future CME. The measurements taken of its flank from AIA
images correspond to the expansion of its top where it can be detected. Erupting feature 1
is detectable in Figures 11b and 11c and possibly also in Figure 11d. Erupting feature 2 is
visible in Figure 11e and even in Figure 11f at 01:34:32 that confirms its kinematic plots
measured from AIA images only up to 01:33:00. Furthermore, Figures 11d—11f confirm
the correspondence between the development of the EUV-wave-like disturbances and the
propagation of wave 1. The yellow ellipses of the characteristic wavefronts in these figures
indicate that wave 2 is approaching wave 1 and will catch up with it shortly afterwards. Note
that the centers of propagation of the two waves, as well as the eruption sites of features 1
and 2, appear to coincide in the plane of the sky, but could be separated at a considerable
distance from each other along the line of sight.

Regarding the second acceleration pulse of erupting feature 1, it seems to be consistent
with Figures 9 and 11. The total area of the acceleration profile is equal to the known speed
of CME component 1. We estimate the uncertainty of the peak time of the second acceler-
ation pulse to be within one minute. The duration and peak value are more uncertain, but
unlikely to differ much from those of other acceleration pulses in Figures 7b and 9¢c. With
all of these uncertainties, the acceleration—time plot of erupting feature 1 does not contradict
the assumption made at the beginning of this section that the disturbance excited by each
eruption propagated outward and accelerated all overlying coronal structures.
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Figure 12 Motions near the limb observed in running-difference AIA 193 A images. The green arc outlines
the moving blob-like feature 3. The orange arc outlines the large loop-like structure 4 and the orange-dashed
circle outlines its expanding outer boundary. The dash-dotted line (same as in Figure 3) corresponds to the
direction of motion of feature 3 from origin O, denoted with the orange cross. The white-dashed arc denotes
solar limb.

3.4. Motions Nearly Along the Limb

The characteristics and role of movements nearly along the limb, outlined in Figures 3b and
3c, remain unclear. Here we aim primarily to verify the suggestion of Shen et al. (2013) that
these movements led to another fast CME.

Figure 12 shows the near-the-limb movements in more detail (see also the AIA94_erup-
tions.mpg movie in the Electronic Supplementary Material). While erupting feature 2 visible
in Figure 12c rapidly moved away, a blob-like feature 3 appeared, outlined with the green
arc. It moved at a small angle to the limb in the direction indicated by the dash-dotted line,
towards a long loop-like structure 4 (possibly, a prominence; see Figure 1d). The southern
edge of structure 4 is outlined with the orange arc. Having reached structure 4, feature 3
suddenly slowed down, while structure 4 began to expand. Its expanding outer boundary
is outlined with the orange-dashed circle. Other complex movements were also observed
that were not fast and were probably caused by the movement of feature 3, and some were
its remnants. We focus on the movements of features 3 and 4 that appear to be the most
significant.

These complexities make it difficult to use a one-dimensional temporal profile for mea-
surements and interpretation, so we do not show it. Figure 13 shows the kinematic plots that
we measured for the southern edges of these features with lower accuracy than previously.
These movements give the impression that the motion of feature 3 was limited from the
south and at the end of its movement it pushed structure 4, causing it to expand. The radial
expansion speed of its outer boundary was about 100 kms~' as long as it was detectable
(until 01:45), and its center initially accelerated and decelerated soon afterwards. According
to the online CDAW CME catalog (Yashiro et al. 2004: cdaw.gsfc.nasa.gov/CME_list/), the
leading edge of the corresponding CME appeared at 3.6 R three minutes later, at 01:48.
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Thus, features 3 and 4 were unlikely to become components of this fast CME, since their
movements were too slow and too late.

The movement of the blob-like feature 3 is reminiscent of the rapid development of the
flaring region in the SOL2001-08-25 event (Grechnev, Kochanov, and Uralov 2023). As in
that event, the movement of feature 3 could be associated with the progressive detachment
from the solar surface of the southwestern leg of the erupting magnetic-flux rope, whose top
was feature 1. As Figure 13a indicates, the movement of feature 3 before its sharp deceler-
ation was roughly synchronous with the movement of feature 1. The abrupt stop of feature
3 could correspond to the arrival of the detachment region at the unipolar base of the flux
rope. This assumption is consistent with the limited extent of the flare arcade to the south-
west (its boundary is indicated by the yellow-dotted arc in Figure 1d). The rising leg of the
expanding flux rope likely pushed the loop-like prominence (feature 4), destabilizing it and
causing it to erupt (Figures 1d — 1h). Its subsequent expansion was probably not fast and is
not of interest to us.

To summarize, features 3 and 4 themselves are unlikely to have been involved in the fast
CME, and their movements were likely driven by the main eruptions. Thus, the assumption
that the movements nearly along the limb led to the second fast CME is not confirmed.

4. Waves and Type-Il Burst

CME-associated shock waves are manifested in deflections of coronal streamers, which are
detectable in difference coronagraph images, and their kinks (e.g. Uralova and Uralov 1994;
Sheeley, Hakala, and Wang 2000) and/or in faint halos surrounding fast CME bodies as
“second fronts” detectable in contrasted images (e.g., Vourlidas et al. 2003, 2013). Case
studies confirmed the correspondence between both of these signatures and the same shock
wave, and between its propagation and the trajectory of a Type-II burst (e.g., Grechnev et al.
2011, 2014b).

Here we use the same approach as in Section 3 and start in Section 4.1 with corona-
graph observations. We then coordinate the measurements from LASCO images with the
disturbances discussed in Section 3.3 to elucidate the history of the waves. In Section 4.2
we consider observations of wave signatures from different vantage points. Finally, in Sec-
tion 4.3 we compare the results with observations of the Type-II radio emission.
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Figure 14 Wave halo, outlined with yellow ellipses, in enhanced-contrast running-difference LASCO-C2
and -C3 images. The magenta arcs outline the CME-body front (similar to Figure 4). The red dots represent
measurements from the CDAW CME catalog. The fields of view of the images were progressively scaled to
keep the visible size of the wave halo constant.

4.1. Manifestations of a Shock Wave in CME Images and Its History

To detect faint wave signatures in coronagraph observations, we use highly contrasted
running-difference LASCO images. Figure 14 presents such images produced by LASCO-
C2 and -C3. The wave trace appears here in the extensive elliptic halo surrounding the CME
body. We fitted the wave expansion using the power-law pattern described in Section 3.3
with foygao = 01:31:32 and 8y = 2.65. The yellow ellipses calculated using this fit accept-
ably match the wave halo, except for the CME nose and its near flanks in later images. To
keep the apparent size of the halo in the figure constant, we progressively increased the field
of view in the panels, also using this fit.

The magenta arcs in Figure 14 outline the front of the CME body, as done in Figure 4.
These arcs approach the yellow ellipses outlining the halo in Figures 14a—14c and are
increasingly ahead of them in Figures 14d — 14f. This circumstance is consistent with the
measurements in the CDAW CME catalog, represented by red dots (we fixed incorrect C2
timestamps in the data file provided in the CME catalog by replacing them with the final-
correction times contained in the LASCO FITS files).

The kinematic plots of the wave signatures are presented in Figure 15 in comparison with
those of the CME-body front shown in magenta (its expanded speed—time plot is shown in
Figure 7a). We also applied our fit to the measurements from the CDAW CME catalog
(symbols in Figure 15a). By setting the wave source at point O at a distance of 1.01 Ry
from solar-disk center (Figure 3) and minimizing the nonlinearity of the distance—time plot
in the log—log space, we found the onset time at 01:29:58, which differs from our estimate
toHalo = 01:31:32 by only 1.6 minutes. Then, applying a linear fit to this plot with the found
onset time, we obtained § = 2.84 4+ 0.01 and the scaling factor with an accuracy of £4.6%
for the fastest feature ahead of the CME nose (red dots in Figure 14). Its speed—time plot is
shown with the dotted curve in Figure 15b.

It is clear that the accuracy of all measurements is limited, that the CME-body front
could begin to slow down a little towards the end of the measurements (see Gopalswamy
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et al. 2013b), and so on. Despite all the uncertainties and simplifications and without yet
considering the onset of the wave, the following conclusions can be drawn:

i) Judging by the propagation speed of the wave manifestations, this was a shock wave
over almost the entire considered interval. This conclusion is confirmed by the fact that
starting at 01:32 a Type-II burst was observed.

ii) Soon after the appearance and up to about 10 Rg, the kinematic characteristics of all
wave manifestations corresponded to a freely propagating blast wave. For the wave halo
this is also true later on.

iii) The leading part of the wave front ahead of the CME nose and its near flanks decelerated
not as much as the wave halo, and its speed later approached the speed of the CME-
body front. These signs indicate a transition of the shock wave to the bow-shock regime
around the CME nose (see Grechnev et al. 2017 for more detail). The bow-shock regime
becomes possible when the regime of the supersonic plasma flow around the wave driver
is established (e.g., Bain et al. 2012; Grechnev, Kiselev, and Uralov 2022).

Even after a bow shock has formed, the wave front away from its driver resembles a blast
wave. Here it is observed as the persisting wave halo.

Now there is enough information to reconstruct the entire history of the shock wave,
starting from its origin. We found that two eruptions excited two wavelike disturbances with
an actual interval of about one minute after each other. The second wave appeared below
the first, followed it, approaching it, and had to catch up with it (see Figure 11). Each wave
propagated from a region of high fast-mode speed to regions where it was lower. This should
cause the disturbance profiles to steepen into shocks within a few minutes, depending on the
accelerations of their drivers (Afanasyev, Uralov, and Grechnev 2013). A similar situation
with two shock waves following each other was studied by Grechnev et al. (2011) when
analyzing their Event 3. Figure 16 applies their considerations to our event, assuming that
when the second wave caught up with the first, both shock discontinuities were already
formed.
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Figure 16 Merging of two nonlinear waves to form one, stronger wave. The dotted and dash-dotted curves
represent the distance—time plots of the two initial waves, wave 1 and wave 2. The gray-dashed curve repre-
sents a plot of the resulting wave, calculated by linearly summing their speeds. The black-solid curve is the
fit of the wave halo observed in LASCO images (Figures 14 and 15), and the thick-dashed portion represents
the continuation to its virtual onset time ty,. The thin-dashed straight segments point to the intersection point

at 01:35:19 at a distance of 0.85 R from the origin. The symbols represent the refined measurements from
the CDAW CME catalog.

A shock wave (here Wave 2) trailing a preceding one (here wave 1) must reach the leading
front, so that the two shock waves merge and form a single shock front. Its speed is less than
the sum of the speeds of the initial fronts (gray-dashed curve), but the resulting shock is
stronger and faster than either of the original ones. The slope of its black-solid distance—
time plot is steeper than those of the initial waves, and its apparent onset time [ty ] is later
than of any of the initial waves. The parameters of the merged wave ty and dx agree with
LASCO observations. Hence, the wave halo observed in LASCO images was caused by a
shock wave generated by the merger of the two preceding wavelike disturbances.

4.2. Observations of Wave Signatures from Different Vantage Points

The details of the shock-wave development have been revealed in Section 3.3 mainly from
SDO/AIA observations with an imaging interval of 12 seconds. The eruption and accompa-
nying phenomena occurred on the Sun’s far side for STEREO-B, but were observed from
STEREO-A on and above the solar disk. CME-associated wave-like disturbances appear
in images as EUV waves (previously called “EIT waves”; see, e.g., Warmuth et al. 2001)
that are detected mainly in the 195 A EUVI channel. Figure 17 shows the EUV wave ob-
served with STEREO-A/EUVI in 195 A. EUV-wave analysis from these images is limited
by its poor visibility and the long five-minute imaging interval, so we only consider the most
obvious circumstances.

Judging by Figures 17a and 17b, the EUV wave appeared between 01:25:58 and
01:30:58. This is consistent with its actual appearance around 01:29:06, corresponding to
the first acceleration peak of erupting feature 1 (without the correction for the propagation
from the virtual point source). The onset time of the Type-II burst at 01:32 falls between
Figures 17b and 17c¢, in which the wave reached the streamer at the western limb, where a
Type-II source could be located. This disturbed streamer is also visible in the two subsequent
images in Figures 17d and 17e.
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Figure 17 EUV wave visible in STEREO-A/EUVI 195 A images. Cyan circle with a radius of 0.34 Ro
in panel b outlines the outer boundary of the first EUV-wave disturbance. Yellow ellipses correspond to the
shock-wave propagation in an isotropic medium with #y = 01:28:00 and é§ = 1.8. Yellow legends indicate the
EUV-wave speeds calculated from this fit. White circles denote solar limb. The times of the images were
corrected to account for the light travel time from the Sun to Earth and STEREO-A.

The outermost boundary of the EUV wave in Figure 17b is circular, as Gopalswamy et al.
(2013b) showed in their Figure 2a. However, the lower skirt of the EUV wave in subsequent
images has a clearly elliptical shape. The initial circular EUV-wave front that appeared con-
siderably to the east of the solar-disk center could not then transform into the elliptical fronts
outlined by the yellow arcs in Figures 17c — 17f. Instead, it appears that two different waves
were involved. Indeed, the second wave was excited by erupting feature 2 around 01:30:25
and most likely caused the inner part of the disturbance visible in Figure 17b, as well as the
subsequent elliptical wavefronts.

The mentioned limitations of the EUVI observations make it difficult to accurately de-
termine the fitting parameters to describe the EUV-wave propagation. Here we used 7y =
01:28:00 that is close to the earliest probable onset time of Wave 2 in Figure 9b (near the
left edge of the yellow shading) and § = 1.8. The value of § determines the wave deceler-
ation and is more or less certain, as shown by the correspondence of the calculated yellow
ellipses to the actual EUV-wave traces in Figures 17c—17f. With a later wave onset time,
the size of the yellow ellipse in Figure 17b decreases and the speeds of the elliptical fronts
increase, but their deceleration remains. With § = 1.8, the exponent in the kinematic equa-
tion x(¢) o (t — to)*/G~9 is equal to 0.625 that is typical of EUV-wave propagation along
the solar surface (e.g., Warmuth et al. 2001, 2004; Grechneyv et al. 2011).

The consideration of the merging of two waves in the preceding section related to the
plane of the sky, as viewed from the Earth’s direction. In a real three-dimensional situation,
the positions of the wave origins could be considerably spaced relative to each other. This
possibility appears consistent with the displacement of the centers of the cyan circle and
yellow ellipse relative to each other in Figure 17b. Therefore, the shape of the resulting
wavefront could be complex, consisting of parts of three different ellipsoids, each of which
expanded in its own way. Observations with the COR1 coronagraphs (Howard et al. 2008)
on STEREO-B (located 117.6° behind the Earth) and STEREO-A (114.8° ahead of the
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Earth) in Figure 18 confirm this idea. This is particularly related to the parts of the wavefront
indicated by the yellow arrows in Figures 18b, 18c, and 18e. Different wavefronts coexisting
simultaneously are visible in the figure at least until 01:55.

Another conceivable option would be a single distorted wavefront. However, the inten-
sity, extent, and shape of the shock front near the Sun are largely determined by the expand-
ing CME’s magnetic bubble. Therefore, sharp distortions of the shock front, such as those
in Figure 18, should quickly disappear due to the effects of diffraction and nonlinearity. In
any case, the shape of the wavefront in these images is much more complex than a single
ellipsoid.

4.3. Type-Il Emissions

A clear manifestation of a shock wave propagating in the corona is Type-II radio emission.
It can be seen in dynamic spectra composed from the data from the Culgoora spectrograph
(Prestage et al. 1994) and the WAVES spectrograph on STEREO-A (Bougeret et al. 2008).
Figure 19a presents the initial part of the dynamic spectrum. A Type-II burst started at 01:32.
This means that at least one shock discontinuity has already formed and reached a streamer
at this time. Figure 19b presents the spectrum over a longer temporal interval and a wider
frequency range.

In general, dynamic spectra represent a superposition of emissions coming from sources
located in different places. The Type-II features appear to reflect a multi-ray coronal struc-
ture being traversed by a shock front. Here the Type-II structure is complex, suggesting
the passage of a few shock waves. This especially applies to the metric Type-II burst.
Knowing the 7y and § parameters of the possible shock waves involved, we aim to trace
their frequency—time trajectories in the dynamic spectrum without trying to identify specific
Type-II structures with a particular shock wave.

Three different pairs of curves (except for the thin-black-dotted curves in Figure 19b) de-
noted [1g, 1g], [2F, 2u], and [3f, 34] represent the Type-II trajectories for the fundamental
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Figure 19 Type-II radio emission in the dynamic spectrum composed from the Culgoora and STEREO-
A/WAVES data. The pairs of curves of different colors and line styles represent the Type-II trajectories for
the fundamental and harmonic emissions calculated for three different shock waves. a) Initial interval. The
density-falloff exponents & corresponding to different trajectories are specified. b) Longer temporal interval
and wider frequency range. The frequency-drift-rate exponents ¢ = 5/§ are specified. The black-dotted curves
represent hypothetical Type-II trajectories for the frequency-drift-rate exponent ¢ = 1.50.
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and harmonic emissions. They were calculated for the propagation of three different shock
waves using the power-law pattern described in Section 3.3 (for more details see Grech-
nev, Kochanov, and Uralov 2023). The corresponding values of § are indicated for each
pair in Figure 19a. The trajectories match the frequency-drift rates of the Type-II bands in
the decametric-hectometric (DH) range, without contradicting the slopes of metric Type-
II structures. Besides continuous bands, the trajectories also correspond to some blob-like
features (cf. Cane and Erickson 2005).

The STEREO-A/WAVES spectrum in Figure 19a shows two decametric Type-III bursts,
one at 01:33 -01:37 and the other at 01:40—-01:42. The first one started in the metric range
as a group of Type-III bursts, temporally corresponded to the second acceleration of the
CME-bubble front F (Figure 7) and the sharp movements of near-the-limb erupting features
3 and 4 (Figure 13), and thus could have been associated with the eruption process. The sec-
ond Type-III burst starting at about 01:40 without conspicuous continuation into the metric
range, occurred after the revealed acceleration episodes and appears to indicate the release
of accelerated electrons that had previously been trapped in the expanding flux rope. The
Type-11I-emitting electrons are likely to be proton tracers, so the release of protons trapped
in the flux rope could have begun at the same time. The onset time of this Type-III burst
is indeed close to the particle release time estimated from the velocity-dispersion analysis
by Gopalswamy et al. (2013b) at 01:40 and by Rouillard et al. (2016) at 01:37:20. Note
that the bow-shock regime ahead of the CME nose was not yet established at that time (see
Section 4.1 and Figure 15b). The top of the first erupting structure reached at that time a dis-
tance of about 1 Ry from the eruption site (Figure 9a). These circumstances are discussed
in Section 6.

The STEREO-A/WAVES spectrum in Figure 19b does not show any Type-III bursts in
the interval 02:00-02:10 at frequencies between 1 and 14 MHz that Shen et al. (2013)
revealed in the Wind/WAVES spectrum and considered as a possible indication of the in-
teraction between two shocks driven by two presumable CMEs. We note that these Type
IIIs were only observed by Wind/WAVES, but not by any of the WAVES spectrographs on
STEREO-A or STEREO-B. This is possible if the source of these Type IIIs was located not
far from the Sun—Earth line and was visible only to Wind/WAVES located at Lagrangian
point L1. On the other hand, the development of the CME was entirely in the field of view
of STEREO-A and from its vantage point nothing could be missed. These circumstances
contradict the idea of Shen et al. (2013).

In fact, these authors based their considerations on the assumption that a bow shock
was excited by a fast CME. However, the shock-wave development turns out to be more
complex, from a piston shock to a blast wave and then to a bow shock. This scenario is
further complicated by the merging of two shock waves into a single, stronger one, occurring
differently in different directions. The Type-II emissions presented in Figure 19 confirm
these circumstances. We have not found in the dynamic spectra any drifting features with
8 ~ 2.84 corresponding to the bow-shock propagation (see Figure 15). This may indicate
that the sources of the observed Type-II emissions in this event were located on the shock
flanks rather than ahead of the CME nose.

There is another issue related to wide-range dynamic spectra. It is known that the depen-
dence of the Type II’s drift rate [d f/d¢] on frequency [ f] is proportional to the power of
frequency d f/dt o« — f€, where € is a characteristic exponent. The question is the value of
this exponent. Grechnev, Kochanov, and Uralov (2023) have shown that € is related to the
density-falloff exponent é as € = 5/6 and that € is typically between 5/3 and 2. The value of
€ less than 5/3 is doubtful, since with § > 3 the shock wave is expected to accelerate, which
is especially unlikely at large distances from the Sun.
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Several studies examined the relationship between the frequency-drift rate of Type-1I
bursts and their starting frequencies. The estimate of € in this approach is biased towards
smaller values. For example, Shanmugaraju, Moon, and Vrsnak (2009) found for the re-
lationship between the mean frequency and the drift rate of metric Type IIs the exponent
of 1.88—-1.89 and for the relationship between their starting frequency and the drift rate
the exponent of 1.37. For a representative set of 128 events with starting frequencies from
420 MHz to 30 MHz Umuhire et al. (2021) found € = 1.33. The starting frequency of a
Type-1I burst would be a significant parameter if the shock was initially excited as a bow
shock ahead of a fast CME (Lin, Mancuso, and Vourlidas 2006; Gopalswamy et al. 2013a).
However, in the case of impulsive piston-shock excitation, the starting frequency is deter-
mined by the distance between the wave origin and the Type-II source (see, e.g., Figure 10
in Grechnev et al. 2014b) and does not seem to be an important quantity.

Leaving aside the question of the starting frequency, we consider frequency-drift rates in
the spectrum shown in Figure 19b. Here, actual values of € of 1.82 and 1.89 are specified for
Type-II bands. In addition, the black-dotted pair of curves represents a hypothetical situation
with € = 1.50 < 5/3. These trajectories are considerably steeper than actual Type-II drift
rates that is especially noticeable at frequencies below 1 MHz.

To summarize, Type-II manifestations in dynamic spectra are consistent with the mea-
surements, considerations, and conclusions in the preceding sections, both qualitatively and
quantitatively. All this confirms the complex history of the shock wave, reconstructed from
observations.

5. Relationship Between Observed Phenomena and Magnetic
Reconnection

‘We have not yet considered the relationship between identified eruptions and flare emissions.
According to widely accepted solar-flare models, this relationship is generally determined
by magnetic reconnection. In the classical two-dimensional CSHKP model (Carmichael
1964; Sturrock 1966; Hirayama 1974; Kopp and Pneuman 1976), reconnection leads to the
formation of flare loops and the acceleration of particles that produce intense flare emissions.
According to three-dimensional considerations and observational studies, reconnection sup-
plies poloidal magnetic flux into the forming flux rope, causing its accelerated expansion
(e.g., Inhester, Birn, and Hesse 1992; Fletcher and Hudson 2001; Longcope and Beveridge
2007; Qiu et al. 2007; Miklenic, Veronig, and Vr$nak 2009; Tschernitz et al. 2018). Specif-
ically, the relation between X-ray emission and CME acceleration was demonstrated by
Zhang et al. (2001) and by Temmer et al. (2008, 2010). The relation between reconnec-
tion rate and CME acceleration was demonstrated by Qiu et al. (2004). The relation be-
tween reconnection and X-ray emission was demonstrated by Grechnev, Kochanov, and
Uralov (2023) and by Corchado Albelo, Kazachenko, and Lynch (2024). And in our event,
a correspondence is also expected between the accelerations of the erupting structures, the
magnetic-flux change rate, and the intensity of hard X-ray (HXR) emission. However, there
are some difficulties in establishing such a correspondence in this event.

The reconnected magnetic flux is usually measured from magnetograms by referring to
the flare ribbons that are identified from Ho or ultraviolet images (e.g., Miklenic, Veronig,
and Vrs$nak 2009; Tschernitz et al. 2018) or by calculating the total magnetic flux covered by
the post-eruption arcade observed in EUV (Chertok et al. 2013; Gopalswamy et al. 2017).
Using the SDO/AIA observations in the 1600 A channel, which is best suited for identifying
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flare ribbons, Kazachenko et al. (2017) assembled a flare-ribbon database for events that oc-
curred within 45° from solar-disk center. However, this extensive database does not contain
our near-the-limb event, nor does it contain data on the magnetic-flux change rate.

The AIA images in the 1600 A channel produced on 17 May 2012 suffer greatly from
severe blooming because of high brightness of the ribbons. This distortion occurs when
the charge in a pixel of the photodetector exceeds the saturation level and fills adjacent
pixels, resulting in false brightenings near bright areas in the image. We used instead images
in the 1700 A channel, where the brightness of the ribbons is lower and blooming is less
pronounced. Areas of obvious blooming were marked manually and then not included in the
calculations.

Another difficulty is caused by the location of the flare site in this event near the limb,
where line-of-sight (LOS) magnetograms are highly distorted, because the radial magnetic
component [B,] is equal to the LOS component [ By os] only along the Sun—Earth line with
the observing angle & = 0. Therefore, we calculated B, from a vector magnetogram (al-
though it is also imperfect near the limb). Full-disk vector magnetic-field data are routinely
provided by the Helioseismic and Magnetic Imager (HMI: Scherrer et al. 2012) on board
SDO and information about the full magnetic vector [B] is contained in the hmi.B_720s
series data accessible at the Joint Science Operations Center (JSOC).

The components of the B vector were calculated as B, = |B|cosf, B, = |B|sinfsin¢,
and B, = —|B|sin6 cos ¢, where | B| is the magnetic-field magnitude, 6 is inclination, and ¢
is azimuth. The azimuth determines the direction of the transverse magnetic-field component
(Sun 2013). The disambig file contains information about the resolved 180°-ambiguity of the
magnetic-field component transverse to the LOS (Harvey 1969). The radial magnetic-field
component was calculated at each point as the scalar product B, = B - u, where u is the unit
vector normal to the solar surface.

These measures have been taken to overcome the above problems, but the quality of the
final result is difficult to guarantee. The reconnected magnetic flux was found in the usual
way by calculating the total positive and total negative magnetic flux within the cumulative
area covered by the flare ribbons at the current time. Then differentiation of the cumulative
magnetic flux provided the magnetic-flux change rate shown in Figure 20b. For comparison,
Figure 20a presents the measured accelerations of all identified moving features.

The maximum reconnection rate we measured with an imaging interval of 24 s is
8.7 x 10'"® Mx s~!. The statistical pattern established for eruptive flares by Tschernitz et al.
(2018) in their Table 4 and Figure 7 based on one-minute observations predicts for the M5.1
GOES importance of our event a peak reconnection rate of 5.3 x 10'® Mx s~!. Approaching
our measurements in steps of 24 s to those of Tschernitz et al. (2018), the maximum recon-
nection rate, smoothed by width three, is 6.8 x 10'® Mx s~!, which is close to their statistical
result.

The Konus Gamma-Ray Burst Experiment (Konus or Konus—Wind: Aptekar et al. 1995)
on board the Wind mission observed the HXR burst in the waiting mode from 01:24 till
01:44 at a temporal sampling of 2.944 s with a gap between 01:32:30 and 01:34:00. Fig-
ure 20c shows the temporal profiles recorded with Wind/Konus in two of its three energy
bands. The impulsive phase of the flare started at 01:27, in agreement with the impulsive-
acceleration stage of the eruptive event (see Section 3.2). The increases in HXR emission are
qualitatively consistent with increases in the reconnection rate during the impulsive phase,
whose completion was not observed by Konus. The discrepancy in the relationship between
the magnitudes of some HXR peaks and the reconnection-rate peaks is probably caused by
the discussed problems with our measurements.
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Figure20 Comparison of temporal profiles of different characteristics of the event. a) Accelerations of erupt-
ing features 1, 2, 3, and 4. b) Temporal profiles of the magnetic-flux change rate. The thin-blue line presents
the positive polarity, the thin-red line presents the negative polarity by the absolute value. The thick-black
line presents the average of the two polarities. The color labels indicate maxima and minima of acceleration
pulses corresponding to increases in the magnetic-flux change rate. ¢) HXR burst observed by Wind/Konus.
d) RHESSI observations of the final part of the HXR burst. Its preceding part was missed (gray shading).
RHESSI background levels are shifted up by 25 (50— 100 keV) and 50 (25 —50 keV) to show the burst better.

RHESSI missed most of the flare because of the night and the passage in the South-
Atlantic Anomaly (SAA) and resumed observations shortly before 01:39. Background vari-
ations in several preceding and subsequent orbits were fitted for each energy band and sub-
tracted from the actual count rates. The net temporal profiles recorded in three RHESSI
bands in Figure 20d indicate the termination of the impulsive phase at about 01:45, when re-
connection ceased. In the interval 01:39 —01:44 observed by both Wind/Konus and RHESSI,
the HXR intensity variations in their close energy bands are similar to each other.

The impulsive phase of the flare corresponded to the interval of considerable reconnec-
tion rate and strong accelerations of erupting structures. One can find an approximate cor-
respondence between peaks of acceleration and deceleration in Figure 20a and increases in
the reconnection rate in Figure 20b (colored labels). The reconnection-rate peaks “l1 max”
and “2 max”, temporally close to the maximum accelerations of erupting features 1 and 2,
were probably associated with the formation of magnetic-flux ropes. This is unlikely for
features 3 and 4; here, reconnection episodes could have been forced by abrupt changes in
the movements of their near-surface parts. The second (dashed) acceleration of feature 1
was caused by the passage of a disturbance (Wave 2) through its upper part and is unlikely
to be related to reconnection. We were unable to identify a counterpart to the last triple peak
of the reconnection rate at 01:40 —01:42 among the movements of erupting structures, while
the corresponding HXR peak was strong. It was observed by RHESSI that made it possible
to locate its source.
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Figure 21 Flare region during the last HXR peak observed from the Earth’s direction (a) and from the
STEREO-A vantage point (b). The contours in panel a represent the images produced by RHESSI in three
energy bands specified. Contour levels are [0.27, 0.5, 0.8] for 3—-6 keV, [0.5, 0.8] for 25-50 keV, and 0.8
for 80— 150 keV. The dotted line (same as in Figures 3 and 5) indicates the direction of motion of the main
erupting structures, measured from origin Oy (slanted cross), denoted in Figure 3. The yellow arrows indicate
dark downflowing voids. Labels 1 —4 denote four specific regions in panel a and their possible counterparts
in panel b.

Figure 21 shows the flare region visible from two vantage points during the HXR peak
at 01:42. Figure 21a (similar to Figure 3 in Firoz et al. 2017) presents an SDO/AIA 193 A
image overlaid with contours of RHESSI images synthesized from data accumulated from
01:41:30 to 01:42:30. The basic set of contour levels is [0.27, 0.5, 0.8]; for higher energies,
we use higher levels from this set according to the increasing background contribution.
Figure 21b shows a simultaneous STEREO-A/EUVI 171 A image (same as in Figure 1h).
The four X-ray-emitting regions are labeled 1—4 in Figure 21a. Their probable counterparts
in Figure 21b were determined from the analysis of the observed groups of flare loops and
the corresponding flare ribbons.

Regions 1 and 2 at the bases of the low loops visible in 193 A emitted strong hard X-
rays up to 80— 150 keV. Both high-temperature regions 3 (19 MK) and 4 (13 MK), emitting
thermal X-rays, were located in the corona. These hot regions are bright in 193 A due to
the high-temperature FeXX1v window in the temperature response function of this channel
(Lemen et al. 2012). When viewed from STEREO-A, regions 3 and 4 are projected between
the flare ribbons. The location of the HXR sources and associated coronal loops during the
peak at 01:42 indicates their connection with region 4. These loops and region 4 were ar-
ranged along the direction of motion of eruptions 1 and 2, indicated by the dotted line in
Figure 21a. Therefore, this HXR peak was probably associated with an additional reconnec-
tion episode in the wake of the CME.

Region 3 was associated with another group of indistinct loops, whose western bases
were on the northern ribbon in Figure 21b. These loops, clearly visible in the AIA 131 A
image presented by Firoz et al. (2017) in their Figure 3a, were probably formed in one of
the previous episodes.

Both the hot regions and the arcade below them gradually rose, as expected during flare
reconnection. Firoz et al. (2017) found from RHESSI data the rise of region 3 between
01:42 and 01:58 at a speed of 14 kms™' for a source of 6—12 keV and 15 kms~! for a
higher source of 12— 18 keV. For the top of the arcade below region 4, we estimated rise at
a speed of 7.5 kms~! during 01:48 —02:28.

Starting at 01:40 and continuing until at least 02:00, AIA 193 A images show downward
flows of bright material and dark voids onto the developing post-eruption arcade, a phe-
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nomenon discovered by McKenzie and Hudson (1999). These motions are demonstrated by
the AIA193_downflows.mpg movie in the Electronic Supplementary Material. Note that the
movie was composed from AIA 193 A images with varying exposure times, so some visible
local brightenings are due to saturation effects. Although the mechanism of void forma-
tion is still unclear, its direct connection with the plasma outflow from the reconnection site
is undoubted (McKenzie 2000; Linton and Longcope 2006). The discrete nature of supra-
arcade downflows in space and time indicates that coronal magnetic reconnection is highly
localized, being patchy and bursty. As Khan, Bain, and Fletcher (2007) found, relative tim-
ing indicates their first appearance during HXR bursts in the vast majority of observations
(90%), as in this event.

6. Discussion and Concluding Remarks

As often happens, despite the apparent abundance of observations of this event, their limita-
tions made it difficult to identify and measure significant features and understand its devel-
opment. The SDO/AIA field of view is insufficient. PROBA2/SWAP images lack sensitivity
and imaging rate. The SDO/HMI magnetograms are of insufficient quality near the limb.
Hard X-ray observations are limited. By combining observational data from different in-
struments and relying on the results of studies in recent years, it was possible to take the
next step in understanding the course of this event.

A distinctive feature of our study is the measurement of the movements of structures
involved in the eruption process. The results of these measurements made it possible to
establish the sequence of phenomena and identify cause-and-effect relationships between
them. Together with the obtained quantitative characteristics, they complement and clarify
the picture of the event outlined by previous studies. Some of their results and conclusions
are confirmed. Some others are refined. Some more measurement results reveal differences
in the development of the event from the assumptions made in previous studies.

Indeed, as Shen et al. (2013) concluded, there were two eruptions in this event. The actual
interval between them was as short as 1.3 minutes. Both erupting structures moved one after
the other in the same direction in the plane of the sky, as viewed from the Earth’s direction.
Both of these structures then became components of a single CME, contrary to the idea of
two CMEs proposed by Shen et al. (2013). The bump moving nearly along the limb that
these authors considered to be associated with the second CME was in fact at the bottom of
the leg of the first erupting structure and was moving towards its base. Since there was only
one CME, the twin-CME scenario proposed by Li et al. (2012) is unlikely to be relevant to
this event.

Our measurements also confirm the assumption of Shen et al. (2013) about the presence
of two shock waves, but their excitation mechanism differed from what the authors assumed.
The main cause of the expansion of coronal structures during the CME formation, as well as
the excitation of wavelike disturbances, is the sharp impulsive expansion of erupting struc-
tures. The subsequent steepening of the wavelike disturbance due to the steep decline in the
fast-mode speed leads to the rapid formation of a shock discontinuity. The components of
this scenario have been identified in observations and verified in simulations and theoreti-
cally (e.g., Temmer et al. 2009; Afanasyev, Uralov, and Grechnev 2013; Vrs$nak et al. 2016;
Uralov, Grechnev, and Ivanukin 2019).

In this event, each of the two eruptions caused a disturbance that, propagating outward,
accelerated all the structures above it. The two disturbances steepened into piston shocks
and then merged into one, stronger shock. The shock then propagated as a blast wave for
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some time and at distances of about 10 Ry began to transform into a bow shock ahead of
the CME nose and its near flanks.

When the first erupting structure reached a distance of about 1 R, dynamic radio spectra
show a Type-III burst that started at 01:40. Type-III bursts indicate the escape of accelerated
electrons into the interplanetary space. The onset time of this late-phase Type-III burst is
close to the proton release time obtained by Gopalswamy et al. (2013b) and Rouillard et al.
(2016) from the velocity-dispersion analysis.

Cane, Richardson, and von Rosenvinge (2010) found that the Type IlIs in least-intense,
electron-rich impulsive proton events occurred during the flare’s impulsive phase, while in
the largest gradual SEP events, the Type Ills occurred after the impulsive phase. A model
for the escape of flare-accelerated particles proposed by Masson, Antiochos, and DeVore
(2013) apparently relates to this property of gradual SEP events. In this scenario, flare-
accelerated protons do not escape the flare site directly, but after being injected into the
erupting flux rope. The injected particles then remain trapped in the expanding flux rope until
it reconnects with an open magnetic structure, when they gain access to the interplanetary
space. This scenario was supported by Kocharov et al. (2017) and Grechnev et al. (2017).
The last study found that the particle-release times estimated by Reames (2009) from the
velocity-dispersion analysis, for most of the events he examined were close to the onset
times of decametric Type IIIs. It was also noted that due to the difference in the lifetimes of
100 MeV protons and 0.5 MeV electrons in the same plasma by two orders of magnitude,
the electron-to-proton ratio for the particles escaping from a flux rope with an initial density
of n > 10'" cm™* may be much less than when they directly escape from the flare site in an
impulsive event. This scenario also explains why confined flares are not proton-rich. Thus,
the role of CMEs in the appearance of energetic solar protons may be twofold: i) acceleration
of protons by the associated shock wave and ii) provision of release for flare-accelerated
protons. Both aspects are important for SEPs and GLEs.

The ellipsoidal shape of the single-shock front considered by Rouillard et al. (2016)
seems adequate. However, the initial presence of different wavefronts dramatically compli-
cates 3D reconstructions for those times. Moreover, the different wavefronts in this event
were not clearly visible. It seems promising to study similar phenomena in other events,
perhaps using simpler methods.

The applicability of the authors’ approach before establishing the bow-shock regime and
the relevance of the corresponding conclusions to this event are not obvious. Shock waves
are easily excited as piston shocks by an impulsive mechanism when the fast-mode speed
in the environment is not crucial (VrSnak and Cliver 2008). Piston shocks appear both in
weak events and in the absence of any CME (Nitta et al. 2013; Grechnev et al. 2022). The
shock wave is then detached from the piston and propagates further as a blast wave. The
relationship between the piston (CME) speed and the ambient fast-mode speed determines
the subsequent history of the shock wave: If the CME is fast, then the shock wave transforms
into the bow shock; if the CME is slow or absent, then it decays into a weak disturbance.
These circumstances should not be overlooked in future studies.

Another point that is sometimes overlooked is about Type-II bursts. To generate narrow-
band Type-II emission, its source must be compact in height, otherwise the emission from
extended regions with different plasma densities will produce a continuum (Knock and
Cairns 2005). A suitable source of Type-II emission is a streamer. When crossing a streamer,
the shock causes a flare-like process in its current sheet that runs along the streamer and gen-
erates the Type-1I emission. In this situation, a Type-II burst starts when an already existing
shock wave reaches the streamer and not when the shock discontinuity starts to form. This
option is confirmed by a number of features of Type-II bursts observed in individual cases,
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such as Type-IIs with a C-like onset, Type-IIs with bidirectional frequency drift, and multi-
band Type-IIs.

The flare in this event looks like an ordinary two-ribbon flare, complicated due to the
two eruptions by the presence of additional ribbons parallel to the main ribbons. Besides,
weak remote ribbon-like structures were also observed. The magnetic-flux change rate is
roughly similar to the hard X-ray burst, as observed previously (e.g., Miklenic, Veronig, and
Vrs$nak 2009). The ratio of the maximum magnetic-flux change rate and the M5.1 flare im-
portance is close to the statistical pattern found by Tschernitz et al. (2018). There is also an
approximate correspondence between the magnetic-flux change rate and the accelerations or
decelerations of erupting structures, as expected (e.g., VrSnak 2016). However, some abrupt
changes in their movements were unlikely to be associated with the formation of magnetic-
flux ropes; it is possible that these changes were the cause of the reconnection episodes. This
issue deserves further study. Some other aspects of this flare, such as the magnetic configu-
ration, the atypical microwave burst, and its relation to magnetic reconnection, are discussed
in Article II.

To summarize, the SOL2012-05-17 event was representative, as a number of its con-
stituent phenomena were observed in other events. In this sense, this event can serve as a
guide for studies of eruptive flares. However, some components of the picture of this event
differ from what is often assumed, and some others have not previously been noted. While
our analysis was based on simple considerations, mainly limited to two dimensions, we
anticipate future in-depth studies of the issues raised.

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1007/s11207-024-02373-0.
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